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2.3 Model results and evaluation

The previous sections have described a global chemical model of the troposphere, named
CHASER (CHemical AGCM for Study of atmospheric Environment and Radiative forcing). In
this section, results and evaluation of the model are presented. CHASER is basically driven on-line
by climatological meteorology generated by the AGCM. For simulations of a specific time period,
analyzed data of wind velocities, temperature, and specific humidity as from the ECMWF are op-
tionally used as a constraint to the AGCM. For the simulation considered in this section, horizontal
wind velocities and temperaturg, (v, andT) in the model are moderately nudged to those from
the ECMWEF with a relaxation time of one week. The model in this study adopts the horizontal
resolution of T42 (approximately 2.8ngitudex2.8 latitude) , with 32 layers in the vertical from
the surface to about 40 km altitude.

To validate the model capability to simulate the tropospheric photochemistry, it is necessary
to evaluate the model results of ozone and species related to the ozone production and destruction
(i.e., peroxy radical€\ Oy, CO, NMHCs, and reservoir species). Additionally, we need to carefully
evaluate aldehydes and peroxyacetylnitrate (PAN) simulated by the model, to check the simplified
chemical schemes for NMHCs adopted in the model (especially of the condensed isoprene and ter-
penes oxidation schemes, see sedfigh]). The model was evaluated with several observational
data sets. The data set®inmons et d[200(, a compilation made from the NASA Global Tropo-
spheric Experiment (GTE) aircraft campaigns, is mainly used to evaluate the vertical distributions of
calculated chemical species. This data set is also used for evaluation of the IMAGE Sllkhiditk! [
and Brasseur1995 and the MOZART modelauglustaine et a}/1998 [Emmons et dl/200(.
Information about the NASA GTE observations is briefly summarized in Table 2.5. For comparison
with the GTE data, model results of individual species are averaged over the regions and dates as
listed in Table 2.5. It should be noted that data from campaign observations like the NASA GTE are
not climatological, and that there may be some differences in meteorological conditions between
the campaign observations and the climatological simulations by the model. In the evaluation of
ozone and surface CO, climatological data [eLggar 1999 Novelli et al, (1992 1994 are used
in addition to the NASA GTE data.

In this study, global tropospheric budget is calculated for some species such as @J. and
The budget is calculated for the region below the tropopause height determined from the vertical
temperature gradient2 K/km) in the model. Each budget shows global annual averages of values
(source and sink, etc.) calculated at each time step (typically 20 min in this study) in the model.

The results and evaluation of CO and NMHCs are presented in s€foh and reactive
nitrogen oxidesNlOy) such as NOHNO3z, and PAN in sectio2.3.2 The results oHO, and related
species (formaldehydeH,O, acetone, and peroxides) are evaluated in se@i®® Sectiori2.3.4
presents and evaluates the simulated ozone and the global tropospheric ozone budget calculated
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Table 2.5.NASA GTE Campaign Regions and Dates

Campaign Dates Region Name Latitudes Longitudes
ABLE-3A July 7 to Aug. 17, 1988
Alaska 55N-75N 190E-205E
ABLE-3B July 6 to Aug. 15, 1990
Ontario 45N-60N 270E-280E
US-E-Coast 35N-45N 280E-290E
Labrador 50N-55N 300E-315E
PEM-WEST-A Sept. 16 to Oct. 21, 1991
Hawaii 15N-35N 180E-210E
Japan 25N-40N 135E-150E
China-Coast 20N-30N 115E-130E
PEM-WEST-B Feb. 7 to March 14, 1994
Japan 25N-40N 135E-150E
China-Coast 20N-30N 115E-130E
Philippine-Sea 5N-20N 135E-150E
PEM-Tropics-A Aug. 15 to Oct. 5, 1996
Hawaii 10N-30N 190E-210E
Chris.-Island 0-10N 200E-220E
Tahiti 20S-0 200E-230E
Fiji 30S-10S 170E-190E
Easter-Island 40S-20S 240E-260E
PEM-Tropics-B March 6 to April 18, 1999
Hawaii 10N-30N 190E-210E
Chris.-Island 0-10N 200E-220E
Tahiti 20S-0 200E-230E
Fiji 30S-10S 170E-190E
Easter-Island 40S-20S 240E-260E
TRACE-A Sept. 21 to Oct. 26, 1992
S-Africa 25S-5S 15E-35E
W-Africa-Coast 25S-5S OE-10E
S-Atlantic 20S-0 340E-350E
E-Brazil 15S-5S 310E-320E
E-Brazil-Coast 35S-25S 305E-320E
TRACE-P March 3 to April 15, 2001
Japan 25N-40N 135E-150E
China-Coast 20N-30N 115E-130E

Only campaigns and regions used for the evaluation are listed.

by the model. Simulation of sulfur specie€S@ and sulfate) in this study is also summarized in
sectioriZ.3.8

2.3.1 CO and NMHCs

Carbon monoxide (CO) and nonmethane hydrocarbons (NMHCs) play important roles in tro-
pospheric chemistry, reacting with OH (controlling OH concentration) and significantly enhancing
the ozone production. In this section, CO and NMHCs species (mainly of ethane and propane)
simulated by CHASER are evaluated.
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Figure 2.14. Calculated CO distributions (ppbv) at the surface and 500 hPa for April (left) and October
(right).

CcoO

Figure2.14shows the calculated CO distributions at the surface and 500 hPa altitude for April
and October. The CO mixing ratios calculated for April are generally higher than 100 ppbv in the
northern hemisphere at both the surface and 500 hPa, with showing steep concentration gradients in
the midlatitudes. At 500 hPa, two CO peaks are found in the tropics over South America and South
Africa, reflecting vertical transport of CO from the surface and the CO production from oxidation
of NMHCs species emitted by vegetation. The surface CO mixing ratios of 200-350 ppbv are
predicted for both April and October in the industrial regions as the eastern United States, Europe,
and eastern Asia. In October, high concentrations of €300 ppbv) are also calculated at the
surface in South America and South Africa, associated with biomass burning emissions considered
in the model. The effect of biomass burning emissions on CO is clearly seen at 500 hPa. CO emitted
or produced at the surface in South America and South Africa is vertically transported, resulting in
high levels of CO (120-150 ppbv) at this altitude. Relatively high CO concentratiob3Q ppbv)
are also extending over the South Atlantic, and over the Indian Ocean toward Australia like a plume.

Figure2. 13 compares the seasonal cycle of surface CO mixing ratios observed and calculated
at several sites. The model generally well reproduces the observed CO seasonal variations. The sea-
sonal variations of surface CO, characterized by spring-maximum, are associated with the seasonal
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Figure 2.15.0bserved (solid circles) and calculated (open circles) surface CO mixing ratios (ppbv) at several
sites. Boxes indicate the range of the day-to-day variability calculated by the model. Measurements are taken

from Novelli et all[1992 1994 andKirchhoff et al|[1989 (for Cuiaba).
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cycle of OH radical, transport of CO due to large-scale wind field and convection, and biomass
burning (especially for the southern hemisphere). At Cuiaba located in the biomass burning region
in South America, the seasonal cycle of surface CO has a peak in September (500-600 ppbv), much
affected by biomass burning emissions. In the model, the seasonal variation of biomass burning
emissions is imposed by using hot spot (fire distribution) data derived from satelliteSudee

et all [20024 and sectio?.2.2. The model appears to reproduce the observed seasonal cycle of
surface CO at Cuiaba well, indicating the validity of the seasonal variation of biomass burning emis-
sions considered in the model. A CO maximum in spring is seen at Ascension (over the tropical
Atlantic) associated with biomass burning in South America and Africa, which is also captured by
the model. The seasonal cycle of CO observed and simulated at Mauna Loa (spring peak) is much
associated with the transport from eastern Asia (Asian outflow) as suggested by the simulation of
atmospherié??Rn (se€Sudo et al[20024 or Appendix 2A). At Barrow, the model underestimates

the observed CO mixing ratios in spring, maybe indicating an overestimation of OH level or an
underestimation of the CO surface emission in the high latitudes considered in the model.

A comparison between the calculated and the observed vertical profiles of CO over the GTE
regions listed in Table 2.5 is shown in Figltd&@ The observed CO vertical profiles are generally
well reproduced by the model. In remote regions like Hawaii, Philippine-Sea, and Fiji, CO distri-
butions are relatively uniform in the vertical with a range of 50-100 ppbv, whereas they are more
variable in the source regions of biomass burning (E-Brazil and S-Africa) in the range of 100-200
ppbv. The model well captures the CO profiles observed over the Japan region during PEM-West-
B, reproducing the CO increase in the lower troposphere (150-200 ppbv) due to industrial CO
emissions. During TRACE-P (March to April), the observed CO profile in the China-Coast region
shows increase below 5 km, owing to the combination of industrial CO emissions in China and CO
transport from biomass burning in southeastern Asia (Thailand etc.). The model also calculates CO
increases quite consistent with the observation in China-Coast. In the S-Atlantic region, CO levels
are high in the free troposphere, especially in the upper troposphedekin), much associated
with transport from South Africa and South America as suggestethioynpson et all199¢. A
CO plume from Africa toward South America is simulated well in 2-5 km over the W-Africa-Coast
region. The model tends to overestimate CO levels in the tropical Pacific regions in some cases;
Christmas-Island and Tahiti during PEM-Tropics-A. Although this may imply an underestimation
of OH levels in the tropics, simulated OH concentrations in the tropical Pacific are quite consistent
with the observations during the PEM-Tropics-B expedition (se@i8H).

Table 2.6 shows the global annual budget of tropospheric CO calculated by CHASER. The
budget is calculated for the region below the tropopause height determined from the vertical tem-
perature gradient{2 K/km) in the model. CO has indirect sources from oxidatiorCéf; and
NMHCs, as well as direct sources from surface emission (taken to be 1267 TgCO/yr in this simula-
tion). The global chemical production of CO is estimated at 1514 TgCO/yr, showing a significant
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Figure 2.16. CO vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Table 2.6.Global Budget of Tropospheric CO Calculated by CHASER

Global NH SH
Sources 2781
Surface emission 1267
Chemical production 1514 844 670
CH,O + hv 931 506 425
CH,O + OH 397 243 154
OthersP 186 95 91
Sinks —2781
STE® -71
Dry deposition —-139 —-110 -29
Chemical loss (CO + OH) —2571 —1582 —989
Chemical lifetime (days) 55 52 59
Burden (TgCO) 360 212 148

aValues (in TgCOl/yr) are calculated for the region below the tropopause height in the model. NH, Northern
Hemisphere; SH, Southern Hemisphere.

bMainly from isoprene and terpenes oxidation.

cStratosphere-Troposphere Exchange (CO flux to the stratosphere).

contribution from degradation of formaldehydeH->O) and a contribution 0f-13% from degra-

dation of NMHCs. Note that the CO production fradiH,O includes oxidation processes of both

CH4 and NMHCs. The reaction with OH radical is the only chemical sink for CO and is estimated
at 2571 TgCOlyr in the global troposphere by the model. The chemical lifetime of CO due to this
reaction is estimated at about 1.8 months in annual average by the model, with longer lifetime (59
days) in the southern hemisphere than that in the northern hemisphere (52 days), reflecting the dis-
tribution of OH radical. This estimated global lifetime of CO, 1.8 months, is slightly shorter than
the value of 2.0 months estimated[lNiller and Brasseuf1999; [Hauglustaine et al[199§. The

global CO burden is calculated as 360 TgCOY%b#@ HN, 41% in SH), in good agreement with
recent model studies [e.@iller and Brasseu1995 Hauglustaine et @Jl199§. The distributions

of net CO chemical production P(CO)-L(CO) calculated for April are shown in F[guré At the
surface, high positive production rates of 6-10 ppbv/day are calculated in South America, South
Africa, etc., associated with biogenic emissions of NMHCs as isoprene and terpenes. Relatively
high CO production rates (1-2 ppbv/day) are also calculated at 200 hPa over South America and
South Africa, reflecting convective transport of NMHCs species from the surface. In other regions,
CO is slowly destroyed by OH at rates-60.5 to—2 ppbv/day.

NMHCs

Distributions of NMHCs species are spatially and temporally variable compared to CO, be-
cause of their relatively short lifetimes (ranging from several hours to weeks). EdglBshows
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Figure 2.17. Net CO production rates (ppbv/day) calculated at the surface and 200 hPa altitude for April.
Only positive areas are shaded.

the observed and the calculated seasonal cycles of sutfateand CsHg. At the European site
(Waldhof), the model captures the observed seasonal cycles ofbbihand C3Hg. At Mauna

Loa, the model appears to reproduce the obseBsty mixing ratios, though it slightly underes-
timatesCsHg. The levels ofC,Hg are much higher tha@3Hg in Mauna Loa a£;Hg has a longer
lifetime (2-3 weeks) compared ©3Hg (several days). Th€3Hg/C,Hg ratios are much less than

0.1 at Mauna Loa and 0.3-0.5 at Waldhof, indicating that the air at Mauna Loa is photochemically
aged well (more than 5 days from a source regi@repory et al,[199¢ compared to Waldhof. At

both sites, the calculated concentration and the temporal variability are high in winter and spring as
well as CO. High temporal variabilities in winter-spring as seen in the calculated CO and NMHCs
are also visible in the simulation 8#2Rn at the surface3udo et a}20024.
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Figure 2.18. Observed (solid circles) and calculated (open circles) su@aek (upper) andCzHg (lower)
mixing ratios (ppbv). Boxes indicate the range of the day-to-day variability calculated by the model. Mea-

surements are taken frg8olberg et al[199€ andGreenberg et al[199¢ (for Mauna Loa).
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In FigurelZ.19 the calculated and the observed seasonal cycles of si@f#teandC3Hg are
shown for two European sites. Alkenes suclCald,, C3Hg are destroyed by the reaction with OH
radical with a lifetime of~1 day, and also by the reaction witly with a lifetime of a day or several
days. The model captures the observed seasonal variati@aslgandCsHg, reproducing well the
winter maxima as witltC,Hg andC3Hg.

The observed and the calculated vertical profilegfls and CsHg are compared in Fig-
urelZ.20and Figurd?. 21 respectively. In the US-E-Coast region (ABLE-3B), the model does not
capture the observed levels GfHg (1-2 ppbv) andC3Hg (0.7-0.8 ppbv) in the lower troposphere,
probably indicating an underestimation of surface emissions around this region. In the Japan and the
China-Coast regions (PEM-West-B};Hg and C3zHg levels are higher near the surfac&kg~2
ppbv, C3Hg~0.8 ppbv), associated with considerable emission sources around these regions. In
these regions, the model appears to underestimate sliGgtly near the surface, though it re-
produces the profiles @,Hg observed there well. During PEM-West-A (September to October),
C,Hg andC3Hg levels below 5 km in the Japan and China-Coast regions are lower by a factor of 2
compared to PEM-West-B (February to March). These seasonal variati@asigiand CsHg are
well simulated by the model. During TRACE-P, the model well simulate s profiles as well
as CO (Figur@&.19. In these tropical remote regio®@Hpg distributions are relatively uniform in
the vertical ranging from 200 to 400 pptv , whizHg is more variable and shows relatively low
mixing ratios (5-100 pptv) due to its short chemical lifetime. For the observations in the tropical
Pacific regions (PEM-Tropics-A and B), the model tends to overesti@gt levels, whereas it
appears to reproduce generally the obsefgdg profiles. The overestimation @Hg in the trop-
ical Pacific, coinciding with the CO overestimation as described above (F2glg may indicate
large transport from source regions. In the biomass burning regions (TRACE-A), the model appears
to successfully simulate the vertical distributions of b@itg andC3sHg. In the E-Brazil region,
the model captures the observed positive vertical gradient in the middle-upper troposphere associ-
ated with convective transport in this region (as reveale@isiman et al]J199¢). The modeled
increase irC;Hg in the upper troposphere appears to be somewhat smaller than that by the previous
CHASER version$udo et al2002Hj, probably indicating reduced convection over South America
in the model. This may come from the differences in the base AGCM version and adopted horizon-
tal resolution between this work and the previd8ado et al.2002t}. The CHASER model in this
study uses the CCSR/NIES version 5.6 AGCM with the T42 horizontal resolutidr8{x2.8°),
while the previous CHASER uses the version 5.4 AGCM with the T21 resolutidg x5.6°).

In the S-Atlantic region, levels df,Hg andCsHg are higher C2Hg~800 pptv,C3Hg~100 ppbv)
in the upper troposphere as for CO (Figi&6. The observed increase @yHg and C3Hg with
altitude over the S-Atlantic region is well reproduced by the model, though the discontinuous jump-
ing at~7 km is not represented clearly. Although the model appears to overestim&gHpand
C3Hg profiles observed over the W-Africa-Coast region, it simulates the increases in 2-5 km due to
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Figure 2.20. CyHg vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Figure 2.20.(continued).

African outflow as well as CO.

As isoprene and terpenes rapidly react with @4, andNOs, they have much shorter lifetimes
(hours), and the calculated distributions of these two NMHCs species are limited near source regions
(i.e., vegetation) in the continental boundary layer. Fiig& shows the distributions of isoprene
calculated at the surface for January and July (24-hour average). The 24-hour averaged isoprene
mixing ratios calculated in the boundary layer range from 1 ppbv to 8 ppbv in the tropical rain
forests like the Amazon, in agreement wiimmerman et all198§. In July, the calculated mixing
ratios of isoprene are 0.5-2 ppbv in temperate (deciduous) forests in the northern hemisphere, in
agreement with measurements [eldartin et all [1997; [Montzka et al.[1995. Similarly, the
terpenes distribution calculated near the surface has peaks in the tropical rain forests (1-2 ppbv),
and shows high levels (0.2-1.5 ppbv) in cold-deciduous, needle-leaved forests in the northern high
latitudes in July (not shown). In the model, the chemical lifetimes of isoprene and terpenes are
estimated at 1.9 hour and 1.0 hour, respectively, in the annual and global average. The isoprene and
terpenes mixing ratios calculated over the ocean are very low (generally equal to zero), due to their
short chemical lifetimes.

2.3.2 Nitrogen species

Nitrogen oxidesNOy (= NO + NO,) have a critical importance for ozone production and
the HO,/OH ratio in the troposphere. We must carefully evaluate the model resuN©pfand
its reservoir species. Figu&23 shows the simulatedlOy distributions at the surface and 500
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Figure 2.21. CgHg vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Isoprene: Surface January [ppbv]

6ON |
30N -
EQ
305 1

60S 1

180

120W

60W 0

Isoprene: Surface July

60E  120E 180

[ppbv]

EQ 1
30S

60S 1

180

120W

60W 0

60E

0.01

0.01

Figure 2.22.Calculated isoprene distributions (ppbv) at the surface for January and July.
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Figure 2.23. CalculatedNOy distributions (pptv) at the surface and 500hPa for January (left) and July (right).

hPa altitude for January and July. Ay is converted taHNOs3 by the reaction with OH on

a timescale of a day near the surface, W@, distribution is highly limited near the continental
source regions, especially in summer. Surfil€ levels over the ocean are in the range of 10-80
pptv in winter and generally lower than 20 pptv near the surface. In July, the model calculates the
NOy mixing ratios of~3 ppbv over the eastern United States, somewhat higher than the simulation
of [Horowitz et al.[1999. In January, the highNOx concentrations of 5-10 ppbv are calculated

in the eastern United States and Europe, reflecting a longer lifetimiOgf NOy levels in those
polluted regions are reduced by 30%@ompared to the previous versidBudo et al.[ 20021

due to the heterogeneous reactiorNafDs on aerosols (mainly sulfate in this study) which is not
included in the previous version. At 500 hiQ, peaks (60-100 pptv) are calculated over Africa
and the Atlantic in January, associated with biomass burning in North Africa and with the lightning
NOy production. HighNOy concentration {60 pptv) calculated over the Atlantic is also owing

in the model to export from Africa and the in-siNIOy recycling fromHNO3 and PAN. In the
model, the positive net production MOy of 5-20 pptv/day is found in 6-12 km altitudes over the
Atlantic, indicating the recycling processDy. The calculation also showdNO, minimum (10-

30 pptv) over South America (Brazil), reflecting rapid removaHMO3 by wet scavenging over

this region during this season, and formation of PAN by the oxidation of biogenic NMHCs (mainly
isoprene and terpenes). However, tRi®x minimum can be caused also by the overestimation of
PAN formation by the chemical scheme of the model as described in the following. In July, the
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model predicts highNOy concentrations> 60 pptv) over continents in the northern hemisphere
centered around the southeastern United States and eastern Asia (60-100 pptv). These are attributed
to convective transport dfiOy from the surface and to the lightningOy production, though the

effect of the lightningNOx may be less visible at this altitude.

The observed and calculated vertical profiles of NO over the GTE regions listed in Table 2.5
are shown in Figur@.24 Since the data includes only measurements in daytime (solar zenith
angle< 90°), the model results show average value of NO in daytime. In all cases, distributions of
NO increase with altitude in the upper troposphere, due to the transport of stratodyOgiand
HNO;3, the lightningNOy production and the transport of surface emissions in convectively active
regions, and increase in the lifetime WfO,. Both the observations and calculations show high
variability in the upper troposphere, reflecting the influence of stratospkéxiand lightningNOx.

The model simulates NO profiles well consistent with those observed during ABLE-3A (Alaska)
and ABLE-3B (Ontario, US-E-Coast), calculating a rapid increase in the upper troposphere (

6 km) affected by stratosphertdOx andHNO3. The NO distributions over the polluted regions
show “C-shaped” profiles. The model well simulates the observed “C-shaped” NO profile in the
US-E-Coast (ABLE-3B), the China-Coast (PEM-West-B), the E-Brazil and the S-Africa (TRACE-
A) regions. The model, however, overestimates the NO profiles in the Japan and China-Coast
regions during TRACE-P. In the remote Pacific regions during PEM-Tropics-A and B, the model
generally simulates the observed monotonic increase in NO with altitude. The NO profiles in the
Hawaii region are, however, overestimated during both PEM-Tropics-A and B, due probably to the
overestimation of PAN (see Figug28), or possibly to overestimation of stratospheric influx of
NOy species such @80, HNO3, andN,Os. On the contrary, the model appears to underestimate
NO above 8 km in Fiji and Tahiti during PEM-Tropics-A. The underestimations of NO in the upper
troposphere over these regions may indicate the underestimation of light@xngnd/or biomass
burning emission oNOy in Australia. In the source regions of biomass burning (TRACE-A: E-
Brazil, W-Africa-Coast, and S-Africa), the observations show “C-shaped” NO profiles, showing
increase in the upper troposphere. The model appears to underestimate slightly NO levels in the
upper troposphere (higher than 10 km) in these regions, with calculating NO profiles close to the
observations in the lower-middle troposphere (below 10 km). Although this discrepancy appears
to be caused by the underestimation of the flux of stratospNDig it can be attributed to the
underestimation of lightningNOy in the upper troposphere or the overestimation of PAN in the
upper troposphere (the PAND, ratio is overestimated by a factor of 2-3 in the upper troposphere
over these regions, Figug29 , or possibly to the recycling dflOy from HNO3; on aerosols as
tested inWang et al[1998H. In the S-Atlantic region, both the observation and the calculation
show a monotonic increase of NO with altitude, with the model slightly underestimating NO in the
upper troposphere. The increase in the upper troposphere over S-Atlantic is related in the model
to the gas-phase recycling RO, from HNO3; and PAN, as well as the transportO, from the
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Figure 2.24. NO vertical profiles (in daytime) observed and calculated over the regions of GTE campaigns
(listed in Table 2.5). Solid lines and dashed lines show temporal meardodbf the model calculation,
respectively. The observations show mean (diamonds), median (circles), and itinef 5@ data (boxes).
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Figure 2.24.(continued).

source regions (South America and Africa). In the model, positive net productibi®i5-30
pptv/day) is calculated above 7 km over the Atlantic in September-October, indicating the recycling
from HNO3 and PAN exported from South America and Africa.

Figurel2.28shows the calculated distributionstidNO5 at the surface and 500 hPa altitude for
January and July. Peaks HNOs; mixing ratio (higher than 2 ppbv) are calculated at the surface
in the polluted areas as the eastern United States (also including California), Europe, India, China,
and the biomass burning regions in both seasons. In July, the calcHiidtegimixing ratios in the
eastern United States reach the range of 2-5 ppbv, higher than the measurements rePanéshby
et all[1993 (1-2 ppbv). It should be noted that the model does not account for the conversion of
HNO3; to NOy on aerosols (like soot]Hauglustaine et aJ.[1996 [Aumont et al.[1999 Velders
and Granief 2007, etc.] and particulate nitrate®NQ3) [e.g.,/[Singh et a|.[199¢ which would
reduce gas-phagdNOs. At 500 hPa, a clear maximum &fNO3 (200-400 pptv) is calculated
over the South Atlantic in January, due to the export from South America and Africa, and to sparse
precipitation over this region. LoMNO;3 levels are calculated over South America (less than 40
pptv) at both the surface and 500 hPa in January. In the model, thedé¢NQ@w levels appear to
be associated with convective precipitation during this season, and also withdguevels due
to strong PAN formation in the oxidation process of NMHCs emitted from vegetation. In July, a
maximum ofHNOj in the range of 400-500 pptv are calculated over the Eurasian Continent and the
southern United States, associated with the lighttN@y production and the convective transport
of surfaceNOx emission. A significant outflow dfINOj is visible over the eastern North Pacific
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Figure 2.25. CalculatedHNOg3 distributions (pptv) at the surface and 500hPa for January (left) and July
(right).

including Hawaii from the western United States. This outflow, however, seems to be somewhat
overestimated.HNO3; and HNO3/NOy calculated at Mauna Loa are 1.5-2 times higher than the
measurements by the Mauna Loa Observatory Photochemistry Experiment (MLOPEX) 1 and 2
[Ridley and Robins@ifl992 [Atlas and Ridleyl199¢. High HNO3 levels are also seen over the
Antarctic continent in July, owing in the modeltNO5 flux from the lower stratosphere associated

with HNOs deposition due to ice particle sedimentation.

A comparison between the calculated and the observed vertical profilddlOg over the
GTE regions listed in Table 2.5 is shown in Figi28 In ABLE-3B (July-August), the calcu-
lated HNO3 profiles show increase in the upper troposphere, reflecting the effect of stratospheric
HNOs. In comparison with the previous version of CHASERuHo et al.2002H, the model in
this study calculates relatively loWNO3; mixing ratios in the middle and upper troposphere over
the Ontario, Labrador, and US-E-Coast regions, due to the improved wet deposition scheme con-
sidering deposition on ice cloud particles (see se@@id. Similarly, theHNO;3 profile over the
Japan region during PEM-West-B (February), which was overestimated by the previous CHASER,
is well simulated in this study. A detailed evaluationHiflO3 wet deposition flux is presented in
sectionZ.2.3 In the tropical Pacific regions, the model generally reproduces the obsddNegd
profiles (PEM-Tropics-A and B). The model, however, tends to overestimate lower tropospheric
HNOj3; in the Hawaii region (PEM-Tropics-A and B) and the Christmas-Island and Tahiti regions
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Figure 2.26. HNOg vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).



56 CHAPTER 2. GLOBAL CHEMICAL MODEL OF THE TROPOSPHERE

PAN: Surface: January [pptv]

6ON T2
30N
EQy

308 1

60S A

180 120W 60W 60E 120E 180 60E 120E 180

PAN: 500hPa January [pptv] PAN: 500hPa July [pptv]

60W 60E  120E 180 180 60W 120E 180

Figure 2.27.Calculated PAN distributions (pptv) at the surface and 500hPa for January (left) and July (right).

(PEM-Tropics-A). The overestimation in the Hawaii region appears to be related to too large out-
flow from the United States in the model. Ald6NO3 outflow from the biomass burning regions

in South America seems to result in the overestimation in the Tahiti region during PEM-Tropics-A.
However, such overestimation may imply the existence of aerosol nitid@g)(as revealed by
'Singh et a][199€ which the model does not account for. In TRACE-A (September-October), an
overestimation is found in 1-4 km over the S-Atlantic region as previous model simulations [e.qg.
Wang et al.[1998l [Lawrence et al[1999. The model results show that the calculated peak at
about 2 km is much associated with the transport from Africa and hence the overestimation over the

S-Atlantic (1-4 km) region is probably caused by the overestimatiddN®; in Africa as can be
seen in the S-Africa region (FiguE226). The conversion oHNO3 to NO on soot[Hauglustaine

et all,[1996 [Aumont et al.1999 Velders and Grani¢i200], etc.] can be also a possible reason for
this discrepancy. Consequently, the model resultdld©3; andNOy may indicate the necessity of

consideration of particulate nitrated@; ) and reactions on soot affecting tHéOz/NO ratio.

Peroxyacetyl nitrate (PAN) is also an important nitrogen species that acts as a SOWN©g ifior
the remote atmosphei&dn et al, 1994 Moxim et al,1994. PAN is formed by the reaction ®O,
with peroxyacetyl radical and decomposes principally by thermolysis (slightly by photolysis). As
peroxyacetyl radical is produced from the oxidation of NMHCs (ethane, propane, propene, acetone,
isoprene, and terpenes in the model), we can validate the simplified scheme for NMHCs oxidation
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Figure 2.28. PAN vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Figure 2.28.(continued).

adopted in the model by evaluating the simulation of PAN. FigLPa shows the calculated PAN
distributions at the surface and 500 hPa for January and July. At the surface in January, high levels of
PAN (300-500 pptv) are calculated in South America and Africa associated with biogenic emissions
of NMHCs over these regions. The model calculates the PAN concentrations of 150-300 pptv in
the mid-high latitudes with a maximum (400-600 pptv) around India and China. In July, high
concentrations of PAN (above 500 pptv) are predicted at the surface in the polluted areas (United
States, Europe, eastern Asia including Japan). The model results for the eastern United States in
summer are consistent with the observatiorPafrish et all[1993 (0.5-1.5 ppbv). At 500 hPa

in January, the model calculates high levels of PAN (300-450 pptv) over South America, Africa,
and the South Atlantic, associated with NMHCs emissions by vegetation and ligiN@pgver

South America and Africa. The calculated high concentrations of PAN over the Atlantic contribute
to the positive net production (recycling) B0« (5-20 pptv/day) calculated in the middle-upper
troposphere over the Atlantic during this season as described above. In July, high concentrations of
PAN (above 300 pptv) are calculated over continents in the northern hemisphere with a maximum
(above 400 pptv) over the eastern Eurasian Continent, due to the lightidpgproduction and
surface emissions MO, and NMHCs.

Figurel2.28 shows the calculated and the observed vertical profiles of PAN over the GTE re-
gions. In the Alaska region during ABLE-3A (July-August), the model calculates increase of PAN
with height with showing mixing ratios of 300-400 pptv in the upper troposphere, in excellent
agreement with the observation. The calculated PAN profiles over the Ontario, Labrador, and US-E
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Figure 2.29. PAN/NOy ratio vertical profiles observed and calculated over the regions of GTE campaigns
(listed in Table 2.5). Solid lines and dashed lines show temporal meardodbf the model calculation,
respectively. The observations show mean (diamonds), median (circles), and itinef 5@ data (boxes).
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regions (ABLE-3B) are also consistent with the observations. In the Japan and the China-Coast
regions during PEM-West-B and TRACE-P, PAN levels increase near the surface (400-800 pptv),
reflecting the abundance of NMHCs (e.g., Figlar2Q Figurel2.21) andNOy (Figure2.29. In the

Japan region, the model well simulates the observed PAN profiles for PEM-West-B and TRACE-
P, but overestimates significantly for PEM-West-A especially in the upper troposphere. The same
kind of overestimation by the model appears in the Hawaii region during PEM-West-A and PEM-
Tropics-A and B. The overestimation in the Hawaii region is attributed to transport from eastern
Asia and the United States. For Fiji and Tahiti (PEM-Tropics-A), both the observation and the
model show a peak of PAN (80-150 pptv) in 4-8 km, associated with the transport of PAN from
South America, Africa, and Australia. The model, however, overestimates the PAN profiles in 4-
10 km over the tropical Pacific regions during PEM-Tropics-B (March-April) by a factor of 1.5-3,
maybe indicating that the condensed isoprene and terpenes oxidation s&tisctd Et al,[200(
(seeSudo et al]2002g) or the lumped NMHCs species (ONMV, s&eido et al[2002d) in the

model produces too much peroxyacetyl radical and hence too much PAN. Similar overestimation
of PAN in the tropical Pacific is seen in the simulation by the MOZART motrpwitz et al,

2007. In the biomass burning regions (TRACE-A), the model appears to reproduce the observed
profiles of PAN, simulating the rapid decrease in PAN below 3 km (nearly zero) over the S-Atlantic
region and the W-Africa-Coast region, and the increase in the middle troposphere (300-500 pptv).
The model, however, tends to overestimate PAN levels in the middle-upper troposphere, indicat-
ing too strong PAN formation again. FiguBe29 shows the calculated and the observed vertical
profiles of PANNO ratio over the GTE regions. The ratio is calculated in each time step in the
model. The model generally reproduces the observed R8N fatios well, calculating a peak in

the middle troposphere for individual cases. The observed and calculated peaks in the middle tro-
posphere are generally in the range of 5-10 in the polluted areas, and lower than 5 in the remote
regions. An overestimation of the PANID, ratio in the Philippine-Sea region is associated with the
underestimation dlOy in this region (Figur@.24). The calculated PANNOy profile in the Hawaii

region (PEM-Tropics-B) is relatively consistent with the observation, while bk and PAN in

this region are overestimated by the model (Fig@&1 and2.28. For the regions of TRACE-A,

the model overestimates the PAND ratio in the upper troposphere by a factor of 2-3, due to the
underestimation odNOy and the overestimation of PAN in these regions as described above.

The seasonal cycle of PAN calculated at the surface is also compared with the observational
data for several siteBpttenheim et all1994 Houweling et al.[1998 Ridley et al, 199§ (not
shown). It was found that the model overestimates PAN at Mauna Loa by a factor of 2, compared
to the data of the MLOPEXRidley et al,[199§. For other sites, the calculated seasonal variations
of PAN are consistent with observations.

The overestimation of PAN by the model in some instances may be attributed primarily to
overestimation of peroxy acetyl radicalKlz3COQ,) by the simplified chemical mechanism for
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Table 2.7.Global budget oNOy species (TgN/yr) Calculated by CHASER.

Global NH SH
Sources 44.3
Surface Emission 38.8
Lightning NOy 5.0 2.93 2.07
Aircraft NOy 0.55
Sinks —45.1 -35.5 -9.6
Wet deposition —25.8 -19.8 —6.0
HNO3 —25.2 -19.4 -5.8
HNO,4 -0.57 -0.39 -0.18
Dry deposition —-19.4 —-15.7 —-3.7
HNO3 -13.8 -11.5 -2.3
HNO4 -0.03 -0.023 -0.007
NOy -3.85 -3.05 -0.8
PANs?2 -1.28 —0.86 -0.42
ISONP —-0.35 -0.21 -0.14
NALD -0.04 -0.023 -0.017

NOy = NO + NO5 + NO3 + 2 N2Os + HNO3 + HNO4 + PAN + MPAN + ISON + NALD in the model
(NALD = nitroxy acet aldehyde).

aPAN (peroxyacetyl nitrate} MPAN (higher peroxyacetyl nitrates).

blsoprene nitrates.

NMHCs used in the model, as mentioned above. The simulation with the previous CHASER version
[Sudo et al.2002K has suggested heterogeneous loss of some peroxy radr@ad} ifcluding
CH3COG; on aerosolsJacoh [200( for another possibility, aRO, radicals formed by isoprene

and terpenes oxidation are precursor€blECOO;, radical. Although such heterogeneous reactions
are included in this study (see sectid2.3), there do not seem to be significant differences between
this work and the previous on&lido et al.2002}. Further investigation is needed to validate
the uptake coefficientg/(values) for the heterogeneous reaction®@b and products from those
heterogeneous reactions (assumed to be peroxides ROOH) in the model (8&tfon

The budget of total nitrogen specids$@y) calculated by CHASER is shown in Table 2.7. In
this simulation, theNOy sources amount to 44.3 TgN/yr (8% surface emission; 1198, light-
ning; 1.2%, aircraft). They are balanced primarily with the wet and dry depositidtiND; (~88%
of the source) in the model. About &of the global lightningNO, emission is calculated in
the northern hemisphere. The calculated global wet depositidiNg); reaches a maximum in
August-September. About 80of the global deposition loss fNOs is calculated in the northern
hemisphere (2 in the southern hemisphere). A slight imbalance between the total source and the
total sink forNOy (0.8 TgN/yr) is attributed to transport from the stratosphere.
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2.3.3 HOy and related species

OH radical plays a central role in the oxidation of chemical compounds (the oxidizing power
of the atmosphere) and the production and destruction of ozone. OH is conveHéY tay the
reactions withO3, peroxides, and CO, and reverseéiD, is converted to OH by the reactions
with Oz and NO on a timescale of minute$dOy (= OH + HOy,) is produced by the reaction
of O(*D) with water vapor H,0) [Levy, 1977 and also by the oxidation oEHs and NMHCs.
Decomposition of peroxides can be alsBl@ source in the upper troposphere [eJpegE et al,

1997% [Folkins et al, (1998 [Cohan et al.[1999. The sinks forHOy are the reactions of OH with
CH4, NMHCs, andHO;, and the reactions dfilO, with peroxy radicals to form peroxides (e.g.,
H,0,, CH3OO0H).

HO

FigureZ.30shows the zonal mean concentrations (molecules’of OH calculated for Jan-
uary and July. In January, the calculated OH distribution shows a maxim@ndx 10° molecules
cm~2%) in 10°S-30°S, reflecting the distributions @3, water vapor id,0), and UV radiation. This
OH maximum is calculated at 2-4 km altitude, indicating the significant OH destruction by NMHCs
and CO near the surface. We conducted a simulation without NMHCs chemistry. The simulation
suggests that inclusion of NMHCs in the model reduces OH concentrations by a factor d¥%30-60
near the surface over land, as indicated by previous studies\[éagg et al.[1998¢ [Roelofs and
Lelieveld 200q. In July, high concentrations of OH (2.5-3«a(® molecules cm?) are calculated
in the northern midlatitudes in spite of the OH depletion by CO and NMHCs, as a result of high
NOy levels and enhanced; over continentsThompsoi1997. Although the zonal mean OH dis-
tributions calculated for January and July are similar to those calculated by previous studies [e.g.,
Muller and Brasseur1995 Wang et al.[1998h) [Hauglustaine et aJ/199¢, the maximum values
of OH concentrations calculated in this simulation appear to be somewhat ¢&0Fgher than
them, probably indicating the differences@ andNOy levels. The tropospheric OH distribution
presented here results in a global annual average 04108 molecules cm?® (below 200 hPa), in
good agreement with the simulationsSpgivakovsky et al200( (1.16 x 10° molecules cm?) and
Roelofs and Lelievelf200( (1.00 x10° molecules cm?®). The annual and zonal me&0,/OH
ratios calculated in the low-mid latitudes (4645 N) are in the range of 50-100, and 100-600 in
the high latitudes in both hemispheres below 200 hPa, much associated with the distribution of CO,
O3, and NO (not shown).

Data available for evaluation of OH altD, are quite limited because of the difficulty of mea-
suring them. We made use of the data obtained during the NASA GTE campaigns (PEM-Tropics-B
and TRACE-P) for evaluation of thdOy distribution. The PEM-Tropics-B mission provided the
first extensive measurements of the OH radical in the tropical troposphere. In Bi@drehe
OH andHO:, vertical profiles observed and calculated for the regions of the PEM-Tropics-B and
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Figure 2.30. Zonal mean OH distributions (2@nolecules cm?) calculated for January and July. Contour
interval is 3 (16 molecules cm?3).

TRACE-P expeditions are shown. The model results are again averaged over the regions in Ta-
ble 2.5 and dates during the expeditions (March 6 to April 18 for PEM-Tropics-B, March 3 to
April 15 for TRACE-P). Since most of the GTE flights were taken place in daytime, we display
the calculated mixing ratios of OH ardiO, in the daytime average except for the Easter-Island
region during PEM-Tropics-B where the mission includes nighttime flights after sunset (We com-
pare the 24-hour averaged model results for the Easter-Island region). In this comparison, we must
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Figure 2.31.OH (upper) andHO; (lower) vertical profiles observed and calculated over the regions of GTE
campaigns (listed in Table 2.5). The model results show mixing ratios of OHi@adn the daytime average
except for Easter-Island in the 24-hour average. Solid lines and dashed lines show temporal meban and

of the model calculation, respectively. The observations show mean (diamonds), median (circles), and inner
50% of the data (boxes).
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note again that values measured by a flight campaign are fragmentary with respect to time and
space for individual altitudes, and there may be discrepancies in representation of time and space
between measurements and model calculations especially for short-lived radicals such as OH and
HO,. The comparison appears to show that the calculet®gd species are generally consistent
with the measurements. Daytime mixing ratios of OH &t are in the ranges of 0.05-0.3 pptv

and 5-20 pptv, respectively. In the China-Coast region during TRACE-P, the model well captures
the observedHO, increase £20 pptv) in 1-4 km altitudes. ThidO, enhancement over the China-
Coast region appears to be coinciding with the increaseHpO and acetone (Figui.34 and

[2.39 associated with industrial emissions in China and transport from the biomass burning regions
in southeastern Asia. THdO,/OH ratio decreases in the upper troposphere, due to the increase in
O3 and NO. In the Fiji and Tahiti regions during PEM-Tropics-B, OH mixing ratios in the upper
troposphere are considered to be underestimated by Z0-Ais discrepancy may be attributed to

the slight overestimation of CO and the underestimation of NO in the upper troposphere over the
tropical Pacific. The calculated profiles of water vapor, ozone, ace@) (see Figur&.34 and
CH3OO0H (Figure2.40 over Fiji and Tahiti are generally consistent with the measurements during
the PEM-Tropics-B, and thelO4 production rate calculated in the upper troposphere (8-12 km)
over Fiji ranges from 500 to 2000 pptv/day, in good agreement with the box model calculation for
the flight 10 around Fiji during the PEM-Tropics-B experiméwigfi et al),200]]. In the Japan and
China-Coast regions (TRACE-P), the modeled OH levels are 1.5-2 times higher than the observa-
tion especially in the middle-upper troposphere. This appears to originate from the overestimation
of NOy (NO) in these regions during TRACE-P as shown in Fidligsl

The global OH field calculated by the model is also evaluated by comparing lifetirGélpf
(methane) an€CH3CCl; (metylchloroform) in the model with measuremeriginn et all [1995
derived a global lifetime of 4-80.3 years fotCH3CCl3 below 200 hPa regarding OH oxidation,
and obtained a global methane lifetime of 8(®6 years, based on obsern@H;CCl; concentra-
tions. In this simulation, the calculated global OH concentrations (below 200 hPa) lead to a global
CH3CCl3 lifetime of 5.0 years (4.5 years in the northern hemisphere, 5.6 years in the southern
hemisphere), in excellent agreement with €id3CCl; lifetime suggested bfPrinn_et all [1995
(4.9+0.3 years). The global methane lifetime, defined as (global methane burden)/(OH destruction
within the troposphere), is calculated as 9.4 years in this simulation. This estimated methane life-
time against tropospheric OH is well within the range suggestefrinn et all [1995 (0.894-0.6
years), and is also close to the recent IPCC estimate (9.6 y®aethér et al, 2001]].

Figurel2.32shows the 24-hour average distributiondHsd, production rate (pptv/day) calcu-
lated in the upper troposphere (8-13km) for January and July. As can be expectetpeo-
duction in the upper troposphere is anomalously high in regions of high NMHCs level in the low
latitudes. ThaHOy production is high (3000-6000 pptv/day) over the tropical rainforests associated
with biogenic emissions of NMHCs, being also high in July over the eastern United States and
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Figure 2.32.Distributions of theHOy production term R4Oy) (pptv/day) in the upper troposphere (averaged
over 8-13 km altitude) calculated for January and July.

eastern Asia (India, China) (above 3000 pptv/day). Over the ocean in the low latitudes, the calcu-
lated production rate is in the range of 500-1500 pptv/day off continents, and 1500-3000 pptv/day
in the vicinity of continents (e.g., over the South Atlantic in January and over the western Pacific

including Japan in July).

The globalHO, production and the mean lifetime &fO, calculated by the model below the
tropopause are presented in Table 2.8. The model calculates algfopptoduction of 215 TgH/yr
corresponding to 1.3 10°® molecules/yr (58 in the northern hemisphere), and a global mean life-
time of 4.5 min. The differences in the production and the lifetime between the northern hemisphere
and the southern hemisphere are owing to differences in the abundadgawd NMHCs.
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Table 2.8.Chemical Production and Lifetime &fOy Calculated by CHASER.

Global NH SH
Chemical production (TgH/yr) 214.7 124.2 90.5
Chemical lifetime (min) 4.5 3.7 5.7

TgH/yr corresponds to 6.02 10°° moleculesl/yr.

Formaldehyde and acetone

The primary source foHOy is the photolysis of ozone followed by the reactiorQgftD) with
water vapor 120). In dry regions as in the upper troposphere, acet@;COCHs) [Singh et al,
Wennberg et §/199¢, and formaldehyde and other
aldehydes produced in the oxidation of methane and NMGBIér and Brasseur1999 become
importantHOy sources. Figufg.33shows the calculated distributions of formaldehy@el{O) and
acetone in the upper troposphere (8-13 km average) for January andCHj@ decomposes by

photolysis on a timescale of hours in summer and hence effectively prodi@esn Figure2.33
high concentrations (100-400 pptv) @H,O are calculated over the regions where NMHCs are
abundant (i.e., tropical rainforests, the eastern United States, eastern Asia), well correlated with the

Acetone: 8—13km January [pptv]
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Figure 2.33. CalculatedCH,O (left) and acetone (right) distributions (pptv) in the upper troposphere (aver-
aged over 8-13 km) for January and July.
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HO production in the upper troposphere in Figik82 Acetone similarly producedOy in the

upper troposphere by its photolysis. As the lifetime of acetone against photolysis and OH oxidation
is much longer thait€H,O (calculated global mean lifetime of acetone is 27 days), acetone can
be an important source fé#Oy in remote regions as well as in source regions. The distributions

of acetone (Figur.33 indicate the contribution of acetone to th production in the upper
troposphere. In this simulation, the model includes acetone emission sources of 1.02 TgC/yr from
industry, 4.88 TgC/yr from biomass burning, 11.2 TgC/yr from vegetation, and 12.0 TgC/yr from
ocean. The model secondarily considers the acetone source from oxidation of NMHCs (propane
CsHg and terpenes in this simulation, see sedighl). The calculated acetone in 8-13 km is high
(700-1200 pptv) over South America and Africa including the South Atlantic in January, reflecting
the emissions of acetone by vegetation and biomass burning, and the photochemical production of
acetone by the oxidation of propane and terpenes. A long range transport of acetone from eastern
Asia and North Africa to the North Pacific is visible in January associated with the long chemical
lifetime of acetone in winter{ 1 month). In July, the calculated distribution of acetone in the upper
troposphere (8-13 km) is somewhat similar to thaCéf,0O, showing peaks> 600 pptv) over the
eastern United States, eastern Asia, and the tropical rain forests.

Simulated vertical profiles oEH,O and acetone are compared with the observations of the
NASA GTE campaign in Figurg.34 and2.35 respectively. In Figur2.34 the model simulates
the CH,O vertical profiles very well in the tropics observed during PEM-Tropics-B, though under-
estimatingCH,O in the upper troposphere over the Tahiti region. In these tropical regions, both
the observation and the calculation show @té,O mixing ratios of 300-400 pptv near the surface
and lower than 100 pptv in the upper troposphere (above 6 km). In the source regions of biomass
burning (E-Brazil, S-Africa in TRACE-A), the model tends to overestin@it O near the surface.
In the west of African coast (W-Africa-Coas(,H,O distribution is overestimated by the model
at all altitudes, though the observed increase in the lower troposphere is simulated qualitatively.
Our evaluation shows also a large overestimatio€id$O in the South Atlantic region during the
TRACE-A (not shown here). The overestimationGiil,O over these regions may suggest that the
chemical scheme for oxidation of isoprene, terpenes, and a lumped NMHCs species (ONMYV, see
sectiori2.2.3) adopted in the model produces too m@H,O and hence too muddOy. TheCH,O
profiles observed in the Japan and China-Coast regions during TRACE-P are well reproduced by
the model. In Figur@.38 showing acetone vertical profiles, the calculated vertical distributions
of acetone are well within the range of the observations. Acetone mixing ratios are in the range
of 500-1000 pptv near the source regions (Japan, China-Coast in PEM-West-B and TRACE-P),
and 300-500 pptv over the remote ocean as Philippine-Sea (PEM-West-B) and the central Pacific
(PEM-Tropics-B). In the simulation with the previous CHASER versi8aodo et al. 20021, ace-
tone levels in the tropical Pacific regions during PEM-Tropics-B were underestimated by a factor
of 2, but are simulated relatively well in this study with including oceanic acetone emission of 12.0
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Figure 2.34. CH,O vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&e data (boxes).

TgClyr. The simulated acetone mixing ratio reaches about 1500-2500 pptv in the source regions
of biomass burning (E-Brazil and S-Africa). In the E-Brazil region, both the observation and the
model show an increase in the upper troposphere, resulting from convective trafi$stamdn
et al), [199€. For the TRACE-P expedition, the model reproduces the acetone profiles observed in
the Japan and China-Coast regions, simulating the increase below 5 km in China-Coast as with CO
(Figure2.18 andC,Hg (FigureZ.20).

To evaluate the seasonal variation@H#,0 and acetone calculated by the model, we display
a comparison of seasonal cycle@fl,O and acetone observed and calculated at the surface for an
European site in Figufg.38 The model appears to reproduce the observed seasonal variation of
CH,0, well simulating the enhancement©H,0 (~1.5 ppbv) in summer due to production by the
oxidation of methane and NMHCs. The simulated acetone at the surface is also consistent with the
observation (1-1.5 ppbv), though the model somewhat underestimates acetone in summer.



70 CHAPTER 2. GLOBAL CHEMICAL MODEL OF THE TROPOSPHERE

PEM-West-B : Japan PEM-West-B : China-Coast
T T T

T T T T 12 T T T
4 b i i
4 10} i i
4 o} i i
4 st i i
4 7F i i
4 6} i i
D
4 st i T i
1 4 i [ O
41 3F e i
1 2fF e i
< T 1r NS T T
i 0 I DT N TN
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 O 200 400 600 800 0 200 400 600 800 1000 1200
CH3COCHS; mixing ratio [pptv] CH3COCHj3 mixing ratio [pptv] CH3COCHj3 mixing ratio [pptv] CH3COCHS3 mixing ratio [pptv]
1 PEM-Tropics-B : Christmas-I. 1 PEM-Tropics-B : Tahiti 1 PEM-Tropics-B : Fiji 1 PEM-Tropics-B : Easter-Island
T T T T T T T LAAAA MM MM T T T T T
11 + 4 11fF 4 11 4 11+ B
10 4 10} 4 10} 4 1w0f E
9t 4 9o 4 9o 4 of E
8 4 8 4 s 4 sf E
7F 4 7F 4 7F i 4 7F B
6| 1 6 4 6 | 4 6f B
5+ 4 st 4 st { 4 st R
|
4 1 4f 4 4f : 4 4F B
i
3+ 4 3t 4 3t ! 4 3t 4
2+ o 4 2t 4 2t : 4 2t 4
~—~ \
[ 1+ 4 1t 4 1t 4 1t 4
< 0 | | | 0 | | | 0 Lol NN 0 | | |
~— 0 200 400 600 800 1000 1200 O 200 400 600 800 1000 O 100 200 300 400 500 600 700 800 900 0 200 400 600 800 1000 1200
(o) CH3COCH; mixing ratio [pptv] CH3COCH; mixing ratio [pptv] CH3COCHS; mixing ratio [pptv] CH3COCH; mixing ratio [pptv]
o TRACE-A : E-Brazil TRACE-A : S-Atlantic TRACE-A : W-Africa-Coast TRACE-A : S-Africa
j T T T T 12 T T T T 12 T 12 T T T T
= \ N, N &
= uf 4 uf 4 nf 4 11t \ E
@S wof 4 w0 4 1w} 4 10t E
9 1 9 1 9 4 9oF B
8 1 s 1 s 4 sf B
7+ 1 7F 1 7F B@ 1 7 B
o,
6 4 6t 4 6 : 4 s E
51 4 st o 4 st B{g) 4 st 4
4t 4 4t 4 4t . 4 4t 4
3+ 4 3t 4 3t 4 3t 4
2+ 4 2t 4 2t 4 2t 4
1k 1k 4 1t o :'_ 4 1f -
0 0 I I I 0 I 0 I I I I
0 500 1000 1500 2000 2500 3000 O 200 400 600 800 1000 1200 O 500 1000 1500 O 500 1000 1500 2000 2500
CH3COCH; mixing ratio [pptv] CH3COCH; mixing ratio [pptv] CH3COCHS; mixing ratio [pptv] CH3COCH; mixing ratio [pptv]
13 TRACE-P : Japan 1 TRACE-P : China-Coast
T T T T T T
4 12 i
4 b i
4 10} i
4 o} i
4 st i
4 7F i
4 6} i
4 st i
4 a4t i
4 s3f i
4 2F i
1k i
L 0 L X L
0 500 1000 1500 2000 O 500 1000 1500 2000
CH3COCH; mixing ratio [pptv] CH3COCH; mixing ratio [pptv]

Figure 2.35. AcetoneCH3COCH; vertical profiles observed and calculated over the regions of GTE cam-
paigns (listed in Table 2.5). Solid lines and dashed lines show temporal meatilandf the model calcu-
lation, respectively. The observations show mean (diamonds), median (circles), and i¥nef th@e data
(boxes).
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Figure 2.36. Observed (solid circles) and calculated (open circles) surface mixing ratios (ppBhi
(left) and acetone (right). Boxes indicate the range of the day-to-day variability calculated by the model.

Measurements are taken fr@@olberg et a][1994.
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Figure 2.37. CalculatedH,O, (left) and CH3OOH (right) distributions (pptv) in the upper troposphere
(averaged over 8-13 km) for January and July.

Peroxides

Peroxides are produced by the reactiond @b with peroxy radicals and decompose by photol-
ysis and OH reaction. Photolysis of peroxides transported to the upper troposphere are considered
to be an importanHO source [Jaegk et all, (1997 [Folkins et al, [Cohan et al.[1999. Per-
oxides are, therefore, milestones for simulating @, chemistry. Additionally,H,O, plays a

central role in the liquid-phase oxidation 80, to form sulfate §O ). We focus our attention
here orH,0, andCH3OOH. FigurgZ.37shows the calculated distributionsté$0, andCH3;OOH
in the upper troposphere (8-13 km average) for January andHxBz andCH3zOOH in the upper
troposphere are much more abundant in the tropics (100-600 pptv) than in the extra-tropics (below
100 pptv). The distributions of botH,O, and CH3OOH show correlation to the distributions of
HOy production in Figur@.32 as CH,O and acetone, sindd,O, and CH3;OOH, formed by the
HO, reactions, produc&lOy in the upper troposphere. The high levelstfO, and CH3;OOH
calculated over South America and Africa (higher than 500 pptv) are owing to in-situ production
of peroxides in the upper troposphere and convective transpblit@f and CH3zOOH overcoming
wet deposition of them.

Figure2.38shows the calculated zonal mean distributionsl g, andCH3;OOH in the annual
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Figure 2.38.Zonal mean distributions (ppbv) 6f,0, andCH3OOH in the annual average.

average. ThougH»O; is removed by wet deposition more efficiently tHaH3;OOH, the calculated

H,O, concentration is generally higher th@H3;OOH as suggested by measurements [alhot

let al,[1996 Heikes et all199€. The distributions of boti,0, andCH3O0O0H show a peak near the
surface &1 km) in the tropicstd,Ox>~ 2 ppbv,CH30O0H~1 ppbv). Peaks dfl,O, andCH3O0OH

are also calculated in the tropical upper troposphere. Although these peaks seem to be consistent
with convective transport dfl,O, andCH3OOH in the tropics, they may be overestimated by the
model because the model probably overestimatesi®gHO ratio due to underestimation of NO
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Figure 2.39. H,0O, vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Figure 2.39.(continued).

in the tropical upper troposphere.

In FigurelZ.39 the observed and the calculated vertical profileslgh, are compared. The
model reproduces the observiddO, profiles very well in most cases. In the Japan region during
both PEM-West-B and TRACE-P, the observation shows high variabilitiét06 (ranging from
100 to 1000 pptv) below 9 km. The model also shows large standard deviatidag pver this
region, calculatingd,O, levels well consistent with the observation. THgO- increase in 1-5 km
altitudes in the China-Coast region during TRACE-P is well reproduced by the model and is result-
ing from the abundariiO; in the region (Figur2.31). The previous CHASER versiosldo et al.

20021} tends to overestimatd,O- in the upper troposphere above 9 km in the tropical regions for
PEM-Tropics-A and B. Such an overestimation appears to be reduced in this simulation by includ-
ing H,O, deposition on ice particles in cirrus clouds (see sed@@n3. In the biomass burning
regions in South America (E-Brazil in TRACE-A), the model underestimates the obsdp@@d

by a factor of 2 below 5 km. This discrepancy would be reduced by considering methanol emissions
from vegetation and biomass burning as suggestdddigwitz et al.[2002. In the S-Atlantic re-

gion, both the observation and the model show high level@, (~2000 pptv) in 1-4 km altitudes,
associated with the African outflow. Figu2edQis the same as Figuig39but for CH;OOH pro-

files. CH3OOH profiles are captured well by the model as welHg©-,. Over the China-Coast and

the Philippine-Sea regions during PEM-West-B, the model overestiidtg®OH in the middle-

upper troposphere by a factoref, with showing good agreement with the observation$#gD,
(Figurel2.39. This may indicate overestimation of methyl peroxy radi€H§O,) and hence too
strong formation ofCH3O, by the oxidation of NMHCs around these regions. In the tropical re-
gions (PEM-Tropics), the simulated profiles@f;OOH are well consistent with the observations,
calculating mixing ratios of-1 ppbv near the surface and 100-300 pptv in the upper troposphere.
In the biomass burning regions (TRACE-AH30O0H in the upper troposphere is somewhat over-
estimated, thouglEH3OOH in the lower-middle troposphere (500-1000 pptv) is well simulated.
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Figure 2.40.CH3OOH vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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2.3.4 Ozone

Distributions

Figurel2.41 shows the surfac®3 distributions calculated for 4 different seasons. In January,
high concentration oDs; (50-60 ppbv) is calculated in India, owing to industrial emission®©gf
precursors. HiglDs levels (~60 ppbv) are also seen in the biomass burning region in North Africa.
O3 concentration in the midlatitudes ranges from 30 to 40 ppbv over the ocean in the northern hemi-
sphere, as a result of longer chemical lifetimeOafin winter and transport from the stratosphere.
The calculated stratospheric ozone distribution at the surface indicates &#0eb@ribution by
stratospheric ozone to the surfadg abundance in the northern midlatitudes in January. In April,
the O3 chemistry is activated in the northern hemisphere. Kigltevels (50-65 ppbv) are predicted
in eastern Asia as India, China, and Japan, affected by intense UV radiation and surface emissions
by industry and biomass burning. Ozone produced in eastern Asia and Japan is transported to the
western Pacific. In Julyps is much abundant in the United States and in the central Eurasia includ-
ing Europe, ranging from 50 to 70 ppbv. Higbs level associated with biomass burning is seen
in the western edge of Africa. The effect of biomass burning on the su@iageclearly visible in
October over South America and Africa (50-60 ppbv). The model calculates low concentrations of
O3 (10-15 ppbv) in Amazonia through a year, resulting from strong ozone destruction by biogenic
NMHCs and from strong dry deposition (deposition velocities-afcm st in the model).

Similar features are also visible in the distributions of tropospheric column ozone TCO (Fig-
ure2.42). TCO calculated by the model shows the ozone column integrated from the surface to the
physically defined tropopause in the model (defined as the lowest altitude at which the vertical tem-
perature gradient is greater tha2 K/km). Abundant tropospheric ozone in the range of 35-50 DU
is calculated in the low to midlatitudes in both hemisphere due to industrial and biomass burning
emissions. In July, the model calculates@peak of 45-50 DU around the Middle East, arising
from transport of pollutants from the northern midlatitudes and eastern Asidl@emissions
from lightning as suggested Ry et al! [200]]. A large Os enhancement{40 DU) is seen over
the South Atlantic in October in accordance with biomass burning emissions in South America and
Africa. The Oz enhancement is also extending over the Indian Oceal® DU) as a plume to-
ward Australia. For all seasons, the model calculate®apeak over the Atlantic with a minimum
around the western Pacific (the wave 1 pattern) in the tropical latitudes, associated with the large-
scale Walker circulation, lightninO, emissions, and biomass burning in the tropics. The wave 1
like pattern in zonal ozone distribution declines rapidly with latitude in the extratropics. This fea-
ture of tropical tropospheric ozone distribution is derived also by many satellite-based observations
[e.g.,[Fishman and Larserl987% [Fishman et al.[1996 [Ziemke et al[199§ (see chapted). The
model, however, tends to overestim@gabundance around the North Atlantic, North Africa, and
India compared to the satellite observations, especially in January to April.
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Figure 2.43.03 seasonal variations observed (solid circles) and calculated (open circles with boxes showing
the range) at the surface for several sites. Measurements ar©liorans and LeVvj1994, [Kirchhoff et all
[1989 (for Cuiaba) , and_ogan[1999 (for Kagoshima).

FigurdZ.43compares the calculated seasonal cycle of su@aceith observations. The obser-
vations are mainly fron®ltmans and Lev§1994. The model well simulates the observed seasonal
cycle of surfaceO3; characterized by spring-maximum in the remote regions (Reykjavik, Mace
Head, Bermuda, Mauna Loa, Samoa, Cape Grim) and summer-maximum in the polluted source
regions (HWbhenpeissenberg). The spring ozone peak at Bermuda is closely associated with the out-
flow from the United States in the model. Similarly, the peak in April at Mauna Loa is much related
to the Asian outflow and to the transport of stratospheric ozone. For Cuiaba in the biomass burn-
ing region in South America, the model well reproduces the observed seasonal cycle (September
maximum) associated with biomass burning as well as CO (F@d®. The simulatedDs levels
in Cuiaba are, however, somewhat higher than the observation through a year, maybe indicating
the underestimation dD3 deposition velocity, or the overestimation of sNiD, emission around
Cuiaba. Similar overestimation at this site is also found in a previous modeling Roeéjofs and
Lelieveld 200(. For Samoa and Cape Grim, the model reproduces the observed seasonal varia-
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Figure 2.44.Zonally averaged ozone mixing ratios (ppbv) calculated for January and July.

tions associated with chemical lifetime ©f and transport from the stratosphere, though it slightly
underestimate®s in June and July for Cape Grim.

Figure2.44shows the zonal meddy distributions calculated for January and July. In both sea-
sons, the model calculates I@ levels (30-40 ppbv) in the tropics due to short chemical lifetime of
O3 and convective activity. In Januai@z concentration is high in the middle-upper troposphere in
the northern midlatitudes, associated with transport from the stratosphere. In July, the model calcu-
lates highO3 concentrations in the northern hemisphere through much of the troposphere, reflecting
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Figure 2.45.03 seasonal variations observed (solid circles) and calculated (open circles with boxes showing
the range) at different elevations. Observations are taken[iayar[1999.

intensive photochemical production ©f in summer. In the southern hemisphere, the model cal-
culates low mixing ratios of ozone (10-20 ppbv) near the surface in January, and calculates higher
ozone concentrations (25-35 ppbv) in July associated with transport from the stratosphere.
In FigurelZ.43 the seasonal variations 6 calculated at distinct altitudes are compared with

the ozonesonde data compiledlbygan[1999. The model generally well reproduces the observed
seasonal cycles dD; at individual altitudes. At Resolute, the observed and the calcul@teat

200 hPa reach a peak (600-700 ppbv) in spring, associated with the stratosphéramsport.
Similar spring maximum is observed at 200 hPa ovéhéhpeissenberg, overestimated slightly by

the model, thoughO3; seasonal variation atdthenpeissenberg shows a summer maximum from
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800 hPa to 300 hPa, indicating considerable chemical producti@s ofver Europe in summer.

At Kagoshima in the southern Japan, the model well captures the summertime minimum (rapid
decrease in July and August) observed at 800 hPa. This minimum is associated with the shift in
the airmass origin. The airmass at Kagoshima is maritime in summer and is continental in winter-
spring, much influenced by the Asian outflow. At 300 and 200 hPa over Kagoshima, the model
overestimate®s in winter by a factor of 2, indicating too much transport from the stratosphere. At
Hilo, the model well reproduces the observed seasonal variations at individual altitudes, capturing
springO3 peaks. At Laverton in the southern hemisphere, the model captures the seasonal variation
of ozone observed at 200 hPa, well reproducing the ozone peak (200-250 ppbv) in spring associated
with the stratospheric ozone transport, though the model overestimates the observed ozone levels
at 300 hPa through a year. In winter-spring, the model tends to overesi®gdtethe upper
troposphere in the midlatitudes in both hemispheres, probably resulting from overestimadign of
transport from the stratosphere.

Additionally, calculated vertical profiles @3 are compared with the observational ddta
gar, 1999 in Figurel2.46 The calculated profiles are generally well consistent with the observa-
tions. At Hilo, the model tends to overestim&@egin the upper troposphere especially in December-
January-February (DJF) and March-April-May (MAM). We note that both the observation and the
model show high temporal variabilities (indicated by the standard deviations) in the upper tropo-
sphere at Hilo, in winter-spring (DJF and MAM). At Natal located in the eastern coast of Brazil, the
model reproduces the increaseln (~70 ppbv) in 800-300 hPa in September-October-November
(SON) associated with biomass burning. The model, however, appears to slightly overe®gmate
in the middle troposphere at Natal in MAM and JJA. At Samoa, the observed seasonal cycle of
ozone profile showing maximum in spring (SON) is well simulated by the model. The model well
captures also the decreasd®mfobserved in the tropical lower troposphere (Naha, Hilo, Natal, and
Samoa) related to the trade wind inversion in the trofditeskes et al/1996 [Logar} [1999.

The calculatedDs vertical profiles are also evaluated with the NASA GTE campaign data (Ta-
ble 2.5) in Figuré.47 In the Alaska (ABLE-3A), Ontario, and US-E-Coast regions, the calculated
profiles are well consistent with the campaign measurements Oflpgofile in the Japan region
is well simulated by the model during PEM-West-A (September-October), but is overestimated
significantly in the middle-upper troposphere during PEM-West-B (February-March) due to the
overestimation of transport of stratosphebigin the midlatitudes. A similar overestimation is also
found during TRACE-P in the region. A slight overestimation of ozone is also found in the mid-
dle troposphere over the China-Coast region (PEM-West-B). This overestimation by the model can
be also attributed to the overestimation of the stratospheric ozone transport, since the photochem-
ical production rates of ozone calculated for this region during PEM-West-B are well consistent
with the box model calculation constrained by the observation (see F&gd® In the tropical
regions (PEM-Tropics-A and B), the model well simulates the observed profil@s, afapturing
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Figure 2.46.03 vertical profiles observed (open circles) and calculated (solid linesadttbars) at several
stations for 4 different seasons. Boxes show the standard deviations of observations. Observations are taken

from|Logan [1999.
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Figure 2.46.(continued).
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Figure 2.47. O3 vertical profiles observed and calculated over the regions of GTE campaigns (listed in
Table 2.5). Solid lines and dashed lines show temporal meas-aadf the model calculation, respectively.
The observations show mean (diamonds), median (circles), and intteof&be data (boxes).
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Figure 2.47.(continued).

the rapid decrease in 0-5 km. For TRACE-A, the model reproduces the enhagteckls in the
middle-upper troposphere due to biomass burning in South America and Africa. The model, how-
ever, underestimates tli&; increase above 5 km over the E-Brazil region, probably caused by the
underestimation oNOy in the upper troposphere over this region (Fighi24). A rapid decrease

in O3 concentrations near the surfaee2Q ppbv at the surface) is also well simulated by the model
for the S-Atlantic region and the W-Africa-Coast region.

Budget

There are two kind of sources for tropospheric ozone. One is the transport of 0zone associ-
ated with the stratosphere-troposphere exchange (STE), and the other is the in-situ photochemical
production in the troposphere due to the reactioN@f with peroxy radicals and the subsequent
photolysis ofNO,. Loss of tropospheric ozone is mainly by photochemical destruction due to the
reaction of atomic oxygen (single®(*D) with water vapor Q(1D) + H,0) and the subsequent
reactions (i.e.O3 + OH andOs; + HO5), and by dry deposition at the surface. Transport of ozone
to the stratosphere associated with the STE is also loss of tropospheric ozone.

Figure 2.48 shows the distributions of the 24-hour averaged net chemical production
P(©y)—-L(Oy) calculated at the surface and in the upper troposphere (8-13km average) for Jan-
uary and July.Oy is the conventionally defined odd oxygen family and indic&gs+ O(*D)+
NOs + 2NO3 + 3N20s + PAN + MPAN + 2HNOs3 + HNO4 + ISON + NALD in this simulation
(ISON=isoprene nitrates, NALBnitrooxy acetaldehyde, see sect@.1). The budget oDy is
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Figure 2.48.Calculated distributions of the net chemical production of ozone (ppbv/day) at the surface (left)
and in the upper troposphere (8-13 km) (right) for January and July.

almost identical to that of ozone. The model calculates intensive ozone production in the polluted
areas at the surface for both seasons. In January, ozone production rates of 30-50 ppbv/day are cal-
culated over North Africa, associated with biomass burning. The model predicts relatively strong
ozone production (6-15 ppbv/day) in the southern United States and eastern Asia, and also calcu-
lates positive production (0-2 ppbv/day) in the northern high latitudes (48)a6 spite of reduced

UV radiation. In July, the net ozone production at the surface is most intense in the eastern United
States, Europe, and eastern Asia (30-70 ppbv/day) owing to industrial emissions of ozone pre-
cursors. The net ozone production over the ocean is generally negative (ozone destruction). In the
upper troposphere, the model calculates positive net ozone production through much of the low-mid
latitudes. In January, high ozone production rates (3-8 ppbv/day) are calculated over South Amer-
ica, Africa, and the northern Australia, due to lightniN@yx and convective transport of biogenic
emissions of NMHCs. Strong ozone producties8(ppbv/day) over North Africa is associated with
convective transport of biomass burning emissions. The net ozone production calculated for July
also displays the effect of surface emissions, convective transport, and light®ingn the ozone

budget in the upper troposphere. Intensive ozone production (8-10 ppbv/day) is calculated over the
southern United States and eastern Asia extending over the western Pacific including Japan (2-5
ppbv/day).

Ozone production and loss rates have been calculated for several of the aircraft campaigns, us-
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Figure 2.49. Vertical profiles of the ozone production®) and the net production Bg)-L(Os) derived

from observations and calculated by CHASER over the regions of GTE campaigns (listed in Table 2.5).
Solid lines and dashed lines show temporal mean -ahd of the model calculation, respectively. The
observations show mean (diamonds), median (circles), and infeobthe data (boxes).

ing photochemical box (0-dimensional) models constrained by observationdJegford et al,
[1997% [Schultz et al..1999. We compare the calculated ozone production rates with these
observation-derived ozone production rates. Fii#) shows the vertical profiles of the ozone
chemical production R¥) and the net chemical production@®j-L(Oy) derived from the GTE

campaign measuremeniSrawford et al, [1996 1997 and calculated by CHASER. The values
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show the 24-hour averaged ozone production and net production. In Hawaii (PEM-West-A), the
calculated RQy) ranges from 0.5-1.5 ppbv/day, well within the range of the constrained box model
calculation (BMC, hereafter). The calculated net ozone producti@y)R((Oy) is also consis-

tent with the BMC, well reproducing the net ozone production (0-1.5 ppbv/day) abdven. In

the Japan region during PEM-West-A (September-October), the model well simulates the ozone
production (1.5-3 ppbv/day) in the free troposphere, and also reproduces the decrease in the net
production below 7 km (net ozone destruction) reflecting the shorter lifetime of ozone in the lower
troposphere. The ozone production near the surface is, however, overestimated by a factor of 5.
During the PEM-West-B expedition (February-March), the model calculates vertical profiles con-
sistent with the BMC over the Japan region below 8 km for bot@Jand PQO,)-L(Oy). The

model does not capture the high rates of ozone production and net produefigopbv/day) in

the upper troposphere above 8 km. In the China-Coast region, the model well simulates profiles
of P(Oy) and PQy)-L(Oy), calculating high net ozone production rateg(ppbv/day) in the upper
troposphere. Intense ozone production near the surface (15-20 ppbv/day) is also reproduced. In
the Philippine-Sea region, the net ozone production appears to be underestimated by 1-2 ppbv/day,
though the calculated ozone productiorOp)(is well consistent with the BMC (1-2 ppbv/day).

This may indicate the overestimation of water vapor leading to overestimation of ozone loss over
this region. Over the source regions of biomass burning (E-Brazil and the S-Africa), the high pro-
duction rates (3-5 ppbv/day) in the upper troposphere derived by the BMC are also reproduced by
CHASER. The profiles of ozone productiory} show almost constant rates (3-5 ppbv/day) in the

free troposphere above 3 km with high rates in the boundary layer (15-50 ppbv/day). Both the BMC
and CHASER calculations display steep decrease in the net ozone production with altitude in the
boundary layer and increase in the free troposphere, with showing slight negative rates above the
top of boundary layer (3-5 km). Over the S-Atlantic region, ozone production rates calculated in
the upper troposphere-@ ppbv/day) are consistent with the BMC. The net ozone production rates

in 2-6 km altitudes are, however, overestimated by CHASER by 1-2 ppbv/day, caused partly by the
overestimation of ozone production in 2-4 km, and also by the underestimation of water vapor over
the South Atlantic (not verified).

In Table 2.9, the global annual budget of tropospheric 0zGy €alculated by the model is
presented. The model calculates a global ozone chemical production of 4Dy (62% in
the northern hemisphere). The reactions of NO with, and CH30O, are main production , con-
tributing to the total ozone production for 84and 224, respectively. The remainder @of
the total ozone production) is due to the reactions of NO with peroxy radicals formed by the ox-
idation of NMHCs. The reaction dfiO, with CH3COQO, also makes a slight contribution to the
ozone production in the model. The simulation with the previous version of CHASE&) et al.
20021} suggested that heterogeneous reactions (uptakeDefand peroxy radicalsR0O,) formed
by oxidation of isoprene and terpenes [eMialcek et al[1997 [Horowitz et al,[199& [Jacol)200(
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Table 2.9.Global Budget of Tropospherioy Calculated by CHASER.

Global NH SH
Sources 5277.4
Net STE?2 531.4
Chemical production 4746.0 2925.2 1820.8
HO, + NO 3045.6
CH3z0O, + NO 1051.4
CoHs0, + NO 29.7
C3H702 + NO 7.1
CH3COCH,O2 + NO 18.0
HOC,H40, + NO 314
HOC3HgO, + NO 8.6
CH3COG, + NO 206.8
CH3COG; + HO, 54.4
IS0, P+ NO 138.4
MACRO; ¢+ NO 149.1
Sinks —5277.4 —3155.5 —2121.9
Dry deposition —898.6 —583.3 —315.3
Chemical loss —4378.8 —2572.2 —1806.6
O(*D) + H,O —2497.0
O3+ HO, —-1236.4
O3 + OH —558.2
CH4 +O('D) -1.0
CoHs + O3 -4.9
CsHg + O3 —-3.7
CsHg + O3 —38.2
MACR + O3 -17.3
CioH16 + O3 —-20.5
Net chemical production 367.2 353.0 14.2
Oy chemical lifetime (days) 25 24 27
Burden (TdD3) 323 171 152

Budgets (in T@s/yr) are calculated for the region below the tropopause height in the model.
aStratosphere-Troposphere Exchange (etiux from the stratosphere).

bPeroxy radicals from isopren€4Hg) + OH

¢Peroxy radicals from methacrolein (MACR) + OH

Table 2.10.Net Ozone Production in the Boundary Layers and the Free Tropo$phere

Global NH SH Tropic8
Free troposphere 357.2 216.3 140.9 171.6
Boundary Layer 10.0 137.1 —-127.1 —136.6

Values are calculated in T/yr.

a\ertical regions of the boundary layers are defined as the five lowermost layers in the model (surface to
approximately 750 hPa).

b15°S to 15N.
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may reduce th&s production in polluted areas and hence the gldbalproduction. However,

this study, including such heterogeneous reactions (sé2fibf), does not seem to display signif-

icant differences in the global ozone budget from the previous CHASER simulation. The ozone
chemical production calculated in this simulation, 474®3#yr, is on the higher side of the range
suggested by many of the previous modeling studies (45%0/Yg MUller and Brasseuf199Y;

3609 TdDs/yr, [Lelieveld and van Dorland199Y; 3206 TgOs/yr, [Roelofs and Lelievelfl99q;

3415 Tdoslyr, [Roelofs et al[1997]; 4300 TgOs/yr,Wang et al J[1998H; 3018 TdOs/yr, Hauglust

taine et al.[199§; 4375 TdOs/yr, [Roelofs and Lelievelf00(). However, much larger ozone
production (5258 T@s/yr) is estimated by the updated version of the MOZART mo#ierbwitz

et al,[2007. The global chemical loss of tropospheric ozone is calculated as 433959 in

the northern hemisphere), contributing fo880 the total ozone sink (5277 Tg/yr). The chem-

ical loss of ozone is mainly b@(*D) + H,0 (55%), Oz + HO, (28%), andOs + OH (14%) in

the model. The ozone loss by the reactions with NMHC<J#4,4, C3Hg, isoprene, and terpenes)

is important for the ozone budget in the boundary layer over the tropical rain forest (especially
in Amazonia and Africa) where biogenic emissions of NMHCs are abundant. Consequently, the
calculated net ozone chemical production (difference between the production and the loss) is 367.2
TgOs/yr (96% in the northern hemisphere). The net ozone production is also highly variable accord-
ing to individual studies, ranging from 73 ©g/yr [Roelofs and Lelieve|@00( to 550 TdOs/yr

Muller and Brasseufi1995. Although the reason for this variability is unclear, it is attributed partly

to the difference in the model domain (i.e., tropopause height) considered for the budget analysis
in the models. The net ozone production calculated for the northern hemisphere shows two peaks
in late spring (April-May, reaching 500 T/yr) and late summer (August-September, 400-500
TgOaslyr). In the southern hemisphere, the calculated net ozone production is positive during the
dry season including the biomass burning season (June-October, 100-QgQrJgDry deposi-

tion at the surface is also a sink for tropospheric ozone and calculated as 898 T®5% in the
northern hemisphere) by the model, in good agreement with the recent studies @gorTdvang

et al},[1998l}, 898 TgOs/yr [Hauglustaine et aJ[199§, 857 TgOs/yr [Horowitz et al,2002]), The

net ozone flux associated with the Stratosphere-Troposphere Exchange (STE) is estimated at 531.4
TgOslyr in this simulation, contributing for 2@ to the total ozone source. This value is in the
middle of the range of previous studies (ranging from 390Fgr [Hauglustaine et aJ[199§ to

846 TOs/yr [Berntsen and Isaksgh9974d) and is relatively close to the simulationbfcLinden

et all[200( with their developed Synoz (synthetic ozone) method (4763gr). The tropospheric
ozone burden is calculated as 3230gd53% in the northern hemisphere). The photochemical life-
time of ozone is estimated at 25 days in the global and annual average. Slightly longer lifetime
is found in the southern hemisphere (27 days), reflecting less abuA@grtoncentration in the
southern hemisphere (see SecloB.3. In both hemispheres, the averaged photochemical lifetime

of ozone is about 40 days in winter and about 15 days in summer. The photochemical lifetime of
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ozone calculated in the tropical boundary layer is generally in the range of 6-15 days, with showing
anomalously short lifetimes of 2-3 days over the tropical rain forests like Amazonia associated with
the strong ozone destruction by the reactions with NMHCs.

Table 2.10 shows the calculated net ozone production in the free troposphere and the boundary
layers in the model. In the global total, ozone production is much more efficient in the free tropo-
sphere, indicating & contribution to the total net ozone production. In the northern hemisphere,
ozone production within the boundary layer also contributes significantlg6), reflecting in-
tense industrial emissions in the midlatitudes. On the contrary, ozone destruelidi TdOs/yr)
is calculated in the southern hemispheric boundary layer, canceling the ozone production in the free
troposphere (141 T@s/yr). The calculated net ozone production in the tropics is much similar to
that in the southern hemisphere.

2.3.5 SO, and sulfate

In this study,SO, oxidation to form sulfate is also simulated by CHASER and is used for the
heterogeneous reactions in the model. The model calculates the sulfate formation process using the
distributions ofH,0,, O3, and OH computed on-line in the chemistry component of CHASER. Fig-
ure2.50shows the annually averaged distribution$@k and sulfate calculated at the surface. The
model calculates higBO, mixing ratios (10 ppbv) around the industrial regions in the northern
midlatitudes (United States, Europe, and eastern Asia). RelativelyS@ghevels (1 ppbv) are
also visible in South America and Africa, due partly to biomass burning. In accordanc8@th
sulfate concentrations are high in the United States, Europe, and China, reachimggEmIé.

Figurel2.51 andl2.52 compare seasonal variations observed and calculated at European sites
(the EMEP network) foSO, and sulfate, respectively. The model generally appears to reproduce
the observed® O, levels well for most cases. Both the observation and calculation show winter
maxima with minima in summer, reflecting the OH seasonality. The model calculation, however,
tends to overestimat8O, levels in summer by 50-100. It should be noted here that this study
does not account for seasonal variation of resideSi@l emissions as from stoves, using constant
emissions through a year. Inclusion of such seasonal variati®Opfemission would reduce
surfaceSQO, levels in summer. In the case of sulfate, the model generally captures the observed
levels, but appears to overestimate the observation in some cases, calculating summer maxima
inconsistent with the observation. This model defect may be related t8@h@verestimation
in summer coming from lack of seasonal variation of resider8@ emissions in the model as
described above. Additionally, it is also possible that the liquid-phase reactiondHy@p and
O3 are underestimated due in the model to low pH values (i.e., lrigh levels) in cloud drops
around Europe. Since dissolution®, into cloud drops and subsequent liquid-phase oxidation by
agueous-phag®sz are much controlled by the pH values in cloud drops, it is necessary to evaluate
further the simulated pH in clouds. FiguPe53 shows a comparison between the observed and
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Figure 2.50.SG; and sulfate.‘(soff) distributions calculated at the surface (in annual means).

calculated sulfate mixing ratios for several remote sites. The calculations are well consistent with
the observations, reproducing summer sulfate maxima associated with the seasonal vasaon of
oxidation with OH and DMS emissions in the remote ocean. However, the model overestimates
sulfate levels at Cape Grim (498,145E) by a factor of 2-3 through the year. Since Cape Grim is
generally downwind of cities in eastern Australia, this may suggest that the model overestimates
SO, oxidation and/or underestimates sulfate deposition around the area.

The calculate@®&O, and sulfate vertical distributions are also compared to the NASA GTE ob-
servations. Figur2.54 shows a comparison with the TRACE-P expedition (March-April) as an
example. In this Figure, the modeled profiles appear to be consistent with the observation, well
simulating the observed increases near the surface due to conside@béenissions in China.
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Figure 2.51. SO, seasonal variations observed (solid circles) and calculated (open circles) at the surface.
Boxes indicate the standard deviations of day-to-day calculations. The ranges of annual variation of the
observation (during 1978-1995) are also shown with error bars. The observations are taken from the EMEP
network.
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Figure 2.52.Same as FigufE51but for sulfate 8O ).
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Figure 2.53. Sulfate 60}1‘) mixing ratios (pptv) observed (solid circles) and calculated (open circles) at
several remote locations. Boxes indicate the range of day-to-day calculations.

The model, however, tends to overestimate the upper tropos@@sigossibly implying an un-
derestimation of liquid water content in the upper troposphere over those regions. The same kind of
SO, overestimation by the model is found in the tropical upper troposphere during PEM-Tropics-B
(not shown). The underestimation of sulfate in the free troposphere in the Japan region may sug-
gest inconsistent wet deposition of sulfate (see seidr@for detailed description of the adopted
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Figure 2.54. SO, andSOy (sulfate) vertical profiles observed and calculated over the regions of GTE cam-
paigns (listed in Table 2.5). Solid lines and dashed lines show temporal meatilandf the model calcu-
lation, respectively. The observations show mean (diamonds), median (circles), and inef th@ data
(boxes).

Table 2.11.Global Budget of Sulfate Aerosol Calculated by CHASER

Global NH SH
Source(chemical prod.) 50.34 40.26 10.08
SO, + OH (gas-phase) 14.24 11.94 2.30
S(IV) + O3 (lig.-phase) 10.80 8.82 1.98
S(IV) + H20; (lig.-phase) 25.30 19.50 5.80
Sink —50.52 —40.54 —9.98
Dry deposition —4.40 -3.53 -0.87
Wet deposition —46.12 —37.01 -9.11
Burden(TgS) 0.56 0.43 0.13

aBudgets are calculated in TgS/yr
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deposition scheme and evaluation of sulfate wet deposition flux around Europe).

The global budget of sulfate in this simulation is presented in Table 2.11. AbétitoTthe
total sulfate formation occurs in liquid phase. As the reactions with aqueous-fhagecline
with the pH values in cloud drops, the model calculates higher contribution by the reaction with
aqueous-phasd,0, (70% of the liquid-phase formation). The model calculates sulfate forma-
tion predominantly in the northern hemisphere8(%) as a result of intens80, emissions from
industry in the northern midlatitudes. The calculated global sulfate formation is balanced mainly
with wet deposition (9%), and with dry deposition (). Reflecting predominant abundance of
sulfate in the northern hemisphere ¥0f 0.56 TgS), 8% of the total sulfate wet deposition is
calculated in the northern hemisphere, leading to acid rain as illustrated in RigurEhe sulfate
budget calculated here are generally consistent with the simulation with the CCSR/NIES aerosol
model [Takemura et aJ[200(. This study, however, calculates a larger sulfate formation from the
liquid-phase reactions wit®3; andH»0O5, with a larger (by 10-2%) sulfate burden relative to the
simulation ofTakemura et alf200(. This appears to come from the difference in the schemes for
liquid-phase oxidation 080, between this work an@lakemura et al[200(. The study ofTake-
mura et all[200( simulatesSO; liquid-phase oxidation using the monthly averaged, andO3
distributions calculated by the previous version of CHASER, whereas this studifp@esndO3
distributions computed on-line in the model.

2.4 Conclusions

This chapter has described and evaluated a global chemical model of the troposphere, named
CHASER (CHemical AGCM for Study of atmospheric Environment and Radiative forcing). The
CHASER model, developed in the framework of Center for Climate System Research/National In-
stitute for Environment Studies (CCSR/NIES) atmospheric general circulation model (AGLEM) [
magutj 1993 Numaguti et a][1994, is aimed to study the tropospheric photochemistry and its in-
fluences on climate. CHASER is basically driven on-line by climatological meteorology generated
by the AGCM to account for interactions between meteorological fields and tropospheric chemistry.
The model includes a detailed simulation of troposph®gi¢t1O,-NO,-CH4-CO, NMHCs, and sul-
fur chemistry calculating the concentrations of 54 chemical species with 139 reactions (gas/liquid
phase and heterogeneous) in this study. The sulﬁﬂé‘o formation process is simulated in this
study using concentrations B O,, O3, and OH computed on-line in the model. Detailed schemes
for the dry/wet deposition and emission processes are also implemented in the model. The wet de-
position scheme in the previous version of CHASISRdo et al.20024 has been improved to sim-
ulate the deposition process on ice cloud (cirrus) particles and reversible below-cloud scavenging
process in this study (secti@h2.3. With the improved wet deposition scheme, the model is capa-
ble to simulate the liquid/ice-phase concentrations of individual species dissolved in precipitation.
Also, the heterogeneous reactiond\BfOs and peroxyradicalsR0O,) (from unsaturated hydrocar-
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bons), not considered in the previous CHASER versfudpo et all20024, are newly included in

this study. The model considers emission sourcebly (44.3 TgN/yr including lightnindNOy of

5 TgN/yr), CO (1267 TgCOlyr), and NMHCs (including isoprene, 400 TgC/yr and terpenes, 102
TgClyr). In CHASERNOy emissions from lightning are parameterized in the CCSR/AGCM con-
vection, based oRrice and Rind[1992 andPrice et all[1997. SO, and DMS emissions (79.4 and

15 TgS/yr, respectively) are also included for the sulfate simulation in the model. Seasonal variation
of biomass burning emissions is simulated using the satellite derived hot-spot data (from ATSR and
AVHRR). The sulfate simulation is reflected on-line on the heterogeneous reaction process in the
model, but is not coupled with the AGCM radiation component for now. For this study, the T42
horizontal resolution{2.8x2.8) is chosen with 32 vertical layers from the surface to about 40
km altitude. The basic time step for the dynamical and physical processes in the model is 20 min.
The chemistry component (chemical reaction) is evaluated with a constant time step of 10 min in
this study.

In the detailed evaluation of the model results (seddd), the CHASER calculations show
excellent agreement with observations in most cases for important trace gases such as CO, NMHCs,
NOy speciesHO, and related species (formaldehyde, acetone, and peroxides) as well as for ozone.
The model computes a CO source of 1514 TgCO/yr from oxidation of methane and NMHCs, larger
than the surface emissions (1267 TgCO/yr) considered in this study. The calculated chemical pro-
duction of CO is most significant in the tropical rainforests, resulting from the NMHCs oxidation
process. The model tends to overestimate COGuhtl in the central Pacific, suggesting too large
transport from the United States and the biomass burning regions in South America. The CO and
NMHCs distributions observed in the biomass burning related regions (South America, Atlantic,
and Africa, during TRACE-A of the NASA GTE) are well reproduced by the model, but appear to
be underestimated in the upper troposphere over South America (Brazil) compared also to the pre-
vious version of CHASERSudo et a}l2002[). This is attributed probably to the differences in the
meteorological fields (particularly convection) generated by the AGCM between this work and the
previous [Budo et al.2002k. In the evaluation of the modeled nitrogen specie®y), the model
appears to simulate waO,, HNO3, and PAN distributions as observed. SimulatioHNO;3 is
improved relative to the previous versidaudo et al2002l} with the new wet deposition scheme
in this study. The model generally well reproduces the observed PAN distributions, but tends to
overestimate middle-upper tropospheric PAN abundances in remote regions as the central Pacific.
Though the model in this study includes heterogeneous reactions of unsaturated peroxy radicals
(RO) which are suggested for a possible cause of PAN overestimatid@ubg et al [20021,
those heterogeneous reactions do not seem to reduce such PAN overestimation in this study. Fur-
ther investigation, however appears to be needed to check the sensitivity to such heterogeneous
RO, reactions. In addition, the simplified reaction scheme for NMHCs oxidation adopted in the
model must be also evaluated. In this study, the simulbt®gd species £ OH + HO) are also
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evaluated in detail. The model appears to calculate OHHDg distributions much close to the
observations during the PEM-Tropics-B and TRACE-P expeditions. The global methane lifetime
against the tropospheric OH reaction, an useful measure for OH abundance in the troposphere, is
estimated at 9.4 years in this study (the IPCC estimate is 9.6 years). The simulated distributions of
importantHOy related species such as formaldehyde, acetone, and perdAdid@sgdndCH3;OOH)

are quite consistent with observations. Since peroxides are strongly coupled@ythhe agree-

ment between the calculated and the observed peroxides in this study appears to mean successful
simulation ofHOy. The ozone distributions simulated in this study are generally in excellent agree-
ment with a number of observations, well capturing the seasonal variation of ozone in both polluted
and remote locations. The observed ozone enhancements associated with biomass burning are well
simulated by the model. The model, however, tends to overestimate upper tropospheric ozone in the
midlatitudes in both hemisphere, which implies overestimation of stratospheric influx of ozone in
the midlatitudes. This study also compares the simulated ozone production rates with those derived
from observations (Figu249. The model well simulates ozone production as derived from obser-
vations, capturing the contrast between the free troposphere and the boundary layer. The calculated
global budget of tropospheric ozone shows a chemical production of 47@a/yirg(with a net
production of 367 T@a/yr), well within the range suggested by the previous works (32083,

Roelofs and Lelievellfll99Y to 5258 TdDs/yr,[Horowitz et al[2002])). The simulation shows much

more efficient ozone production in the free troposphere, calculating a global net ozone production
of 357 TgOs/yr in the free troposphere with 10 Tg/yr in the boundary layer. The estimated net
stratospheri®s influx is 531.4 T@s/yr, consistent with the previous studies (300-80@ifyr).
However, this estimated value (531.404yr) may be overestimated, since the model in this study
tends to overestimate upper troposph€¥dn the midlatitudes as described above. Further devel-
opment of transport scheme is necessary to improve the representation of cross-tropopause transport
of ozone in CHASER. In the evaluation of the sulfate simulation by CHASER, the model appears
to simulateSO, and sulfate distributions generally well, but tends to overestimate susfacand

sulfate levels observed in European sites especially during summer, probably indicating the need
of considering seasonal variation of resideni@h, emissions in the model. The calculated global
sulfate burden is 0.56 TgS in this simulatienl0% larger than the simulation Gfakemura et al.

[200Q. This study also calculates the contribution by sulfate wet deposition to precipitation pH
together with nitrates wet deposition (FiglE&l pag€30). The simulated sulfate and nitrates wet
deposition fluxes in Europe show good agreements with the observation from the EMEP network
(Figure2.10to[Z.13. In this study, the model consider oceanic DMS emission in a much simple
way ignoring the distributions of planktonic bacteria. DMS oxidation mechanism is also simplified

in this study. Future version of CHASER will include detailed reaction mechanism of DMS [e.qg.,
Lucus and Prinn2007 for a better simulation of sulfate.

As a consequence, this study suggests that the present version of CHASER, newly developed in
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this study, is well capable to simulate tropospheric chemistry involving ozone with detailed schemes
for chemical and physical processes. Future model development will be focused on improvement of
the transport scheme in the model. Also, more detailed aqueous-phase chemistry will be included
in future versions of CHASER.

Appendix 2A: Evaluation of transport and deposition processes

Evaluation: Transport process

Transport is one of the most important processes to simulate the atmospheric photochemistry.
Emitted or chemically produced species undergo advection by large-scale wind field and subgrid
vertical transport by diffusion and moist convection. In CHASER, advective transport is simulated
by a 4th order flux-form advection scheme of the monotonic van lveer Leer[1977, except for
the vicinity of the poles (the flux-form semi-Lagrangian schenigimfand Rood199€] is used for
a simulation of advection around the poles), with vertical transport associated with moist convection
(updrafts and downdrafts) simulated by the cumulus convection scheme in the CCSR/NIES AGCM.

It is necessary to validate the model capability for simulations of transport. For this purpose,
we have conducted a simple simulation of the distribution of atmospheric ra¢f&®m). Radon is
emitted from the earth’s surface (mainly from land surface) and decays radioactively with a lifetime
of 5.5 days. Surface emission of radon considered here is generally bascbbret al[1997. In
Jacob et al]1997), radon emission from land surface is set 1.0 atoms%sn® uniformally. Some
simulation studies based on this radon emission scenario, however, show an underestimation of the
simulated radon concentrations at Mauna Loa by a factor of 2-3 compared to observations, with
showing relatively good agreement of simulations with observations at other|3aeso] et al.

1997% Brasseur et al.l199§. Although there is a possibility that an insufficient transport in the
simulations causes this discrepancy on one side, it can be attributed to a higher emission rate of
radon in eastern Asia as suggestedMahowald et al[[1997]. To take this into account, emission

rate in eastern Asia (28-55N, 100°E-160CE) is tentatively increased by a factor of 2 in this
simulation.

Figure 2A.1 shows the simulated radon distributions for June-July-August (JJA). As can be
seen in zonal mean distribution (upper panel), radon is vertically transported from the surface up to
the tropopause height associated with convective activities in the northern hemisphere. Horizontal
distribution of radon in the upper troposphere can be seen in the lower panel of Figure 2A.1. Out-
standing high concentrations over eastern Asia are due to the doubled emission rate in this region.
Transport of radon from northern America and Africa to over the Atlantic is seen. Moreover, long
range transport of radon from eastern Asia appears to reach the eastern Pacific region including
western America. Figure 2A.2 compares the simulated and the observed radon vertical profiles in
western America (California) for June and JJA conditions. The model appears to reproduce the
observed radon vertical distribution in the middle-upper troposphere well. The radon maximum



